Background Digital mammography is the dominant modality for breast cancer screening in the United States. No previous studies have investigated as to how introducing digital mammography affects downstream breast-related care.
D igital mammography has rapidly replaced film-screen mammography as the modality of choice for screening and diagnosis of breast cancer. Of the 12,333 accredited mammography machines as of March 1, 2012 in the United States, 10,383 (84%) were full-field digital units. 1 Although previous studies have compared the accuracy and cost-effectiveness of digital and film-screen mammography, 2-5 a broader picture of the effects of digital mammography on downstream health care use is necessary to fully understand the implications of this new technology.
Diffusion of new technology, such as digital mammography, may result in altered patterns of downstream health care utilization by several mechanisms. First, changes in breast-related health care use might result from differences in recall rates for film-screen and digital mammography. Higher recall rates will lead to more women receiving subsequent diagnostic mammography and possibly other more invasive procedures. However, studies from European screening programs that have introduced digital mammography have found mixed results with increased recall for digital relative to film in some programs [6] [7] [8] and decreased recall in others. 9, 10 Digital mammography may also alter the use of diagnostic services following a positive screening mammogram. For instance, digital screening mammography might be more or less likely to be followed by an ultrasound or Z1 diagnostic mammograms before a biopsy is recommended. This could also change over time, as radiologists gain experience with the new technology. A previous study showed that radiologists' interpretive performance improves across the first 3 years of clinical practice. 11 If a similar phenomenon occurs after the introduction of digital mammography, this could result in increased use of follow-up mammography or ultrasound during the first few years of digital that might not reflect long-term patterns.
To investigate these hypotheses, this report estimates changes in breast-related health care use after screening mammography among Medicare beneficiaries after the introduction of digital mammography in US community practice. We used data from the Breast Cancer Surveillance Consortium (BCSC) and linked Medicare claims. We sought to determine whether there were increases in rates of recall or recommendation for short-interval follow-up, whether there were changes in downstream health care use, and whether any changes in use were transient or persisted for at least 4 years following the introduction of digital mammography.
METHODS

Data Sources
Data were obtained from 3 BCSC mammography registries (http://breastscreening.cancer.gov) 12 participating in linkage of BCSC records and Medicare claims data: New Hampshire Mammography Network, San Francisco Mammography Registry, and Vermont Breast Cancer Surveillance System. Registries collected data from community radiology facilities, including patient characteristics and clinical information at each mammogram. Radiologists' assessments and recommendations were based on the American College of Radiology Breast Imaging Reporting and Data System (BI-RADS). 13 Breast cancer diagnoses were obtained by linking BCSC data to hospital-based pathology services, regional Surveillance, Epidemiology, and End Results programs, and state tumor registries. Data were pooled at a central Statistical Coordinating Center. Registries and the Coordinating Center received Institutional Review Board approval for active or passive consenting processes or a waiver of consent to enroll participants, link data, and perform analysis. All research procedures were Health Insurance Portability and Accountability Act compliant, and registries and the Coordinating Center received a Federal Certificate of Confidentiality and other protections for the identities of women, physicians, and facilities.
For women who were enrolled in Medicare between 1998 and 2006, and received mammograms at one of the 3 registries, information on health services use was obtained through a link to the Centers for Medicare and Medicaid Services' Medicare Program Master Enrollment file using unique Medicare identifiers such as name, date of birth, and social security number. The majority (87%) of BCSC women aged 65 and older were successfully linked to Medicare claims data. Medicare eligibility and enrollment information for this period as well as all claims for Medicare-covered services were included in the database.
Participants
We included all film-screen index mammograms performed in the 1-year period before a facility's first use of digital mammography and all digital index mammograms performed in subsequent years. The modality of the mammogram (film-screen vs. digital) was reported to the BCSC by radiology facilities for each mammogram. Women receiving a screening mammogram recorded by one of the 3 participating BCSC registries were included if they met the following criteria: age 66 years or older at the time of the screening mammogram; received at least 1 prior mammogram; continuously enrolled in Medicare Parts A and B and not enrolled in a Medicare managed care plan for 1 year before and 1 year after the screening mammogram; had no prior history of breast cancer and no new diagnosis of invasive carcinoma or ductal carcinoma in situ within 1 year of the screening mammogram; and received the screening mammogram at a mammography facility that began performing digital mammograms by December 31, 2005. This screening mammogram was defined to be the "index" mammogram. We required age over 66 years at the time of the index mammogram and 1 year of continuous Medicare enrollment before and after the index mammogram to ensure 1 full year of complete claims data on either side of the index mammogram. We excluded women enrolled in a Medicare managed care plan because these plans are not required to submit itemized claims to the Center for Medicare and Medicaid Services. Capture of services for these women in our database is therefore expected to be incomplete. We excluded mammograms in the BCSC database if a corresponding Medicare claim for a mammogram could not be found within 7 days before or after the exam date recorded in the database. The number of index screening mammograms included in our study after applying each exclusion criterion is summarized in Supplemental Digital Content 1 (http:// links.lww.com/MLR/A338).
Screening mammograms were identified based on the radiologist's indication. 14 To avoid misclassifying diagnostic mammograms as screening, we excluded index mammograms that were unilateral or were preceded by a breastimaging examination in the previous 9 months.
Measures and Definitions
A mammogram was considered as false-positive if the BI-RADS assessment after the initial screening mammogram (initial assessment) was: 0 (needs additional imaging evaluation); 4 (suspicious abnormality); 5 (highly suggestive of malignancy); or 3 (probably benign finding) with a recommendation for immediate follow-up. Mammograms were also stratified based on the presence or absence of a radiologist's recommendation for short-interval follow-up.
At each mammogram, patients completed a self-administered survey that included age, race/ethnicity, personal history of breast cancer, family history of breast cancer in a first-degree relative, and previous mammography. Breast density was assigned by the interpreting radiologist at each screening mammogram using the BI-RADS scale. 13 The date at which a facility first introduced digital mammography into regular clinical practice was defined as the earlier of the first report for using digital mammography in response to a questionnaire completed by all BCSC sites, or the first day of the month in which the BCSC captured at least 100 digital mammograms performed at the facility. For facilities where questionnaire information was available, reported dates differed from the first day of the month in which at least 100 digital mammograms were performed by 1 month or less. A facility's baseline year was defined as the 1-year period before the date that digital mammography was introduced.
We defined breast-related health care services as mammography, ultrasound, or breast biopsy/other invasive breast procedures. Claims for these services were identified based on International Classification of Disease-9 procedure codes, Health Care Common Procedure Coding System codes, and diagnosis-related groups (see Appendix A, http:// links.lww.com/MLR/A337). For each procedure class, we identified the total number of unique days on which claims for Z1 services occurred in the inpatient, outpatient, or physician/carrier Medicare files 1 year before and 1 year after each index screening mammogram.
Our study design is summarized in Figure 1 . The timing of each index mammogram was first determined relative to the date at which digital mammography was introduced at the facility where the mammogram was performed. Utilization was then evaluated in the 1-year period after the index mammogram was performed and the 1-year period before the index mammogram. Because data were only available through 2005, only mammograms performed at facilities introducing digital mammography by 2001 could contribute to the analysis of utilization 4 years after the introduction of digital mammography.
Statistical Analysis
We estimated the distribution of patient-level and examlevel characteristics for index mammograms performed in the year before digital exams were first performed and the subsequent 1-year period. We computed the proportion of mammograms with true-negative results, false-positive results, and short-interval follow-up recommendations stratified by year relative to the date at which a facility introduced digital mammography. We compared rates of true-negative results and false-positive results following the introduction of digital mammography to baseline using w 2 tests. Comparisons for short-interval follow-up rates were made using Fisher exact tests because of small cell sizes. We then computed the count and proportion of index mammograms with subsequent procedure utilization, overall and separately by year relative to the date at which the facility first began using digital mammography. These statistics were also computed stratified by mammogram result (positive or negative) and by presence of a recommendation for short-interval follow-up. We tested differences in the proportion of mammograms with subsequent utilization following the introduction of digital mammography compared with baseline using w 2 tests.
We used logistic regression estimated by generalized estimating equations with independence working correlation structure to model the odds of at least 1 subsequent procedure of each type and odds of any subsequent procedures as a function of the modality and year of the index screening exam relative to the date digital mammography was introduced, adjusting for possible confounding factors, and clustering within women and radiologists. Separate models were estimated for each class of procedures of interest (mammography, ultrasound, biopsy, any procedure) and for all index mammograms, negative index mammograms, and index mammograms that were positive or had a recommendation for short-interval follow-up. All years of followup were included in each model. Multivariable models were adjusted for calendar year, prior utilization, age, race (categorized as white vs. nonwhite), screening interval (categorized as 1 y vs. other), and mammography facility. We report estimated odds ratios (ORs) for the odds of downstream health care use in the years after digital mammography introduction relative to the baseline year, with 95% confidence intervals (CIs) for these estimates.
Statistical significance was evaluated at the a = 0.05 level. Analyses were performed using R 2.13.1 (R Foundation for Statistical Computing, Vienna, Austria).
RESULTS
Characteristics of Facilities and Women
We identified 30,211 screening mammograms from 14 facilities meeting the study inclusion criteria. Among the 14 FIGURE 1 . Study design overview. The arrow at A represents the date at which a facility introduced digital mammography. Mammograms performed at this facility were then classified according to the 1-year period relative to this date during which they were performed. For instance, the mammogram at B represents a screening examination performed in the period 2 years after the introduction of digital mammography. For this mammogram, utilization was then evaluated in the 1-year interval before and 1-year interval after the mammogram was performed. 
Rates of False-positive Recall and Short-interval Follow-up
In the year following digital mammography introduction, the proportion of mammograms with a falsepositive result increased by about 3% (P < 0.001) ( Table 2 ). The proportion of false-positives decreased in the subsequent years; within about 4 years, it had returned to a level similar to baseline (P = 0.91 at year 4). Overall, rates of short-interval follow-up recommendation were low (< 1.0%). However, they increased in the year following the introduction of digital mammography (P < 0.001 at year 1) and then declined to baseline in subsequent years (P = 0.62 at year 4).
Unadjusted Rates of Subsequent Utilization
Subsequent mammography use increased by 3% and 4% in years 1 and 2 after baseline (P < 0.001 in both the years) ( Table 3 ). Changes in rates of use of any follow-up procedures were similar to those for mammography. Ultrasounds also increased in the first year after digital mammography began compared with baseline (P < 0.001). Subsequent breast-related health care use was generally low among women with negative mammograms (< 8% received additional mammography across all years) and high among women with false-positives or recommendations for shortinterval follow-up ( > 70% received additional mammography across all years). Among women with negative mammograms, use of additional mammography increased in the first 2 years after baseline (P = 0.15 in year 1, P < 0.001 in year 2). Ultrasound use did not change relative to baseline, and biopsy use decreased slightly in this group (P > 0.1 for all comparisons). For women with false-positive screening mammograms or recommendations for short-interval followup, subsequent mammography use increased in the year following baseline (P = 0.68), whereas rates of ultrasound and biopsy use decreased (P > 0.1 for ultrasound and biopsy).
Adjusted Rates of Subsequent Utilization
Multivariable logistic regression models indicated significantly higher odds of follow-up mammography use in the first 4 years of digital mammography (year 1 OR = 1.68, 95% CI, 1.36-2.09; year 4 OR = 1.82, 95% CI, 1.22-2.72) compared with baseline (Table 4 ). Ultrasound use significantly increased in the first year after the introduction of digital mammography (OR = 1.31, 95% CI, 1.02-1.67) but had returned to baseline by the third year (OR = 0.99, 95% CI, 0.62-1.58). Use of any follow-up procedures was significantly elevated across all 4 years relative to baseline. There were no significant differences in biopsy use in any year following the introduction of digital mammography relative to baseline.
Among women with negative mammography results and no recommendation for short-interval follow-up, followup mammography use and use of any follow-up procedures were significantly higher following introduction of digital mammography relative to baseline (Table 4 ). However, ultrasound and biopsy use were not significantly different 
CONCLUSIONS
Immediately after the transition to a new technology, performance and downstream health care use might differ from what would be observed once providers have adapted to the new technology. In the case of digital mammography, 12-month downstream mammography use increased for at least 4 years after introduction of digital mammography. Among women with false-positive results or recommendations for short-interval follow-up, use of ultrasound decreased for at least 4 years after digital began. This indicates that multiple years of follow-up subsequent to the introduction of this technology are necessary to fully evaluate its effects. The broader implications for public health planning and accurate comparative effectiveness evaluation are that the duration of the learning curve must be estimated and its effects accounted for when projecting the impact of a transition to a new technology.
Several prior studies have examined performance metrics such as recall rates following the adoption of digital mammography. These studies reported a mix of increased and decreased recall rates relative to rates for film-screen mammography. [6] [7] [8] [9] [10] We found that rates of false-positive recall and recommendation for short-interval follow-up increased in the first few years after a facility adopted digital mammography. Use of follow-up mammography significantly increased after digital mammography was introduced. Increased use of follow-up mammography following the introduction of digital mammography appears to have arisen from a combination of increases in the proportion of women recommended for additional imaging and short-interval follow-up and increases in the proportion of women with negative mammograms who received follow-up mammography.
Observed changes in recall and utilization might be attributable to differences in the population of women receiving digital mammography compared with those receiving film-screen. Specifically, a larger proportion of digital mammograms were interpreted as BI-RADS 3 breast density compared with film-screen mammograms. Women with denser breasts have higher rates of recall 15 that might have contributed to the overall increase in recall rates observed for digital compared with film-screen. Breast density is interpreted as lower on digital compared with film-screen mammograms, 16 so the observed higher breast density of digital mammograms is not attributable to differences in radiologists' interpretation of density. Our study has several limitations. Because this was an observational study we might not have controlled for all confounding person-level and facility-level characteristics. For instance, only facilities that began using digital mammography in 2001 were represented in our health care use estimates at 4 years after the first use of digital mammography. Because of possible between-facility differences, our adjusted models included mammography facility, allowing us to make within-facility comparisons of utilization. This approach allowed us to account for possible confounding by facility characteristics. Our analysis was also limited to mammograms from 3 mammography registries within the BCSC. Women captured by the BCSC are similar to women receiving mammography nationally in their distribution of race/ethnicity, education, economic status, and rurality. 17 Results from our study are therefore likely to be generalizable to mammography facilities in community practice in the United States. Sample sizes at 4 years after the introduction of digital mammography were also small, leading to imprecise OR estimates for some procedures. In addition, we do not have information on the specific models of digital mammography machines and software used by each facility. As is common with new technology, machines and software are continually being refined. Therefore, digital machines used in 2001 are not necessarily fully comparable with those used in later years. However, we believe the effect of these changes on our results is likely to be small because we have accounted for calendar year in adjusted analyses.
Our analyses of health care use were also limited to Medicare data. We may have missed some health care services if claims were not submitted to Medicare. They also do not include participants in Medicare managed care plans because utilization data were incomplete for these women. Use of Medicare claims also precluded examining some services, such as breast magnetic resonance imaging, which are not covered for women who are cancer free. Our analysis may therefore have missed some breast-related health care utilization. Finally, our analyses were limited to women aged 66 years and older. The specificity of digital mammography compared with film-screen has been shown to be somewhat lower for women age 40-49 years. 5 Increases in utilization following the introduction of digital mammography might therefore be more marked in a younger age group.
This study provides an assessment of the downstream effects of changes in health care use following adoption of new medical technology. Our results indicate that introduction of a new screening modality led to increases in recall rates that produced increased breast-imaging utilization in the first few years of digital mammography use. Although increases in utilization may attenuate over time, the cycle of innovation and diffusion results in frequent change to screening technologies that will likely restart this cycle. The benefits of technology change should be evaluated relative to these ongoing costs. In the case of digital mammography, this new screening modality has improved sensitivity for some subgroups of women, specifically younger women and those with dense breasts. 3, 5 The impact of new technology on the health care system, providers, and patients is found in the direct costs of acquiring and implementing the technology but also through changes in the use of other health care services. Our study based on digital mammography performance and subsequent health care use in US community practice identified increases in health care use following the introduction of digital mammography. This is consistent with previous research demonstrating that radiologists experience a learning curve during their first few years of clinical practice. 11 Our results suggest that digital mammography introduction may initially lead to increased recall as radiologists gain familiarity with the new technology.
Estimating the effects of new technology on health care use is challenging. Longitudinal information from multiple facilities is needed to minimize possible confounding by differences between early and late adopters. Capture of clinical measures such as the indication for and result of the exam are needed, in addition to measurement of subsequent use of health services. Studies of the comparative effectiveness of new technologies must account for these additional dimensions if they are to encapsulate the complete spectrum of health and health care effects produced by introducing a new medical technology.
